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Concentrated solar powerAbstract The optimum implementation of a thermoelectric generator (TEG) is investigated. In
order to study the feasibility of such system, a model for a large-scale TEG is designed and opti-
mized to convert thermal energy into electricity. The mathematical formulation of the system com-
prising multiple TEG modules is modeled and simulated. It is assumed that the source of the
thermal energy comes from concentrated solar receiver. Temperature solutions and heat transfer
coefﬁcients are obtained. The major geometrical and thermal parameters affecting the efﬁciency
of the system are identiﬁed and optimized for best performance. Design aspects, such as the leg
length, and heat transfer conditions have a signiﬁcant impact on generated output power and efﬁ-
ciency.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The ﬂuctuating oil prices, concerns about climate, and the
depletion of natural resources have drawn attention to renew-
able energy technology. Furthermore, it is proved that the cost
of solar energy will be less than the cost of fossil fuel energy if
the indirect cost of the environmental and health damages isincluded (Almasoud and Gandayh, 2015). An appealing way
to generate renewable energy directly from the sun is the use
of thermoelectric generator (TEG). In addition to being
traditionally used to recover waste heat not high enough
for conventional power cycles, it could also compete with
photovoltaics if combined with concentrated solar thermal
power. One advantage of the latter application is that it does
not require the same large area as the case with photovoltaics.
However, the TEG efﬁciency is limited due to its thermal and
electrical properties being dependent on each other. Neverthe-
less, its solid state scalable technology makes it appealing and
even more efﬁcient in selective applications. Thermocouple is
composed of two integrated intersections of different metals
or alloys. When the two junctions are at different tempera-
tures, a low voltage is created. This phenomenon is called
the Seebeck effect.
For the purpose of classifying thermoelectric materials,
three major parameters are considered: Electrical conductivity– Engi-
2 O.M. Al-Habahbeh et al.r, thermal conductivity k, and Seebeck coefﬁcient a (Nolas
et al., 2001). A large number of studies focused on the perfor-
mance of thermal generators over the past decades. Thermal
conversion heat engines are described according to the laws
of thermodynamics. The energy conservation statement
applied to the hot and cold junctions involves four quantities
associated with the various energy transport mechanisms
(Decher, 1997). These quantities include thermal output, Inter-
nal input from resistive heating, electrical energy input of ther-
moelectric power, and thermal input from conduction. For a
ﬁxed set of temperatures and choice of p and n materials, the
efﬁciency depends only on the normalized load resistance
l= RL/R (Decher, 1997). Small electrical resistance of the
semiconductor helps to increase power output, however, this
property cannot be easily manipulated (Yu and Zhao, 2007).
Multiple elements of thermal generators were studied by
Chen et al. (2002) with the irreversibility of limited heat trans-
fer rate. Taking the effect of heat transfer and the number of
elements in the performance analysis, they concluded that
the optimized structure parameters must be selected from the
viewpoints of improvement compromise between power out-
put and efﬁciency in order to get the best performance.
Numerical analysis is an efﬁcient way to quantify the ther-
mal performance of generators. In particular, the numerical
approach is able to provide more detailed information about
the analytical methods (Yu and Zhao, 2007). LeBlanc (2014)
dealt with the product development of TEG and the challenges
in materials development and systems engineering. He exam-
ined several factors that affect the commercial feasibility of
TEG applications. However, his approach was not speciﬁc
enough to provide a practical case scenario. Roy et al. (2013)
described a method to design and optimize a large-scale
TEG system with a non-constant heat source. Their method
requires predeﬁning the thermal and electrical parameters of
the thermoelectric generator, prior to ﬁnding the optimized
parameters.
In this work, a feasible TEG application is optimized, such
that the critical parameters are determined by the simulation of
the model, and thereby, do not need to be predeﬁned. The
analysis of this application is conducted using a large-scale
solar TEG model. The model consists of a large number of
TEG modules as shown in Fig. 1. The large-scale model has
a tube length of up to 10 m. The modules are sandwichedFigure 1 Conﬁguration of the large-scale TEG (Bitschi, 2009).
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cold output ﬂows of the working ﬂuid. The details of the model
formulation are presented in the next section.
2. TEG model formulation
The TEG model is based on the steps shown in Fig. 2. The two
main components of the TEG are the modules and the heat
transfer system. A numerical one-dimensional TEG model is
developed using average parameters. A counter-ﬂow parallel-
plate heat exchanger is used for heat transfer. The proposed
model is based on the following assumptions (Bitschi, 2009):
 Axial heat conduction within the thermocouples is ignored,
as transverse conduction along the thermocouples will be
dominant.
 Surfaces of the TEG exposed to ambient air are thermally
insulated.
 Thermal contact resistance between the heat exchanger
plates and the modules is ignored.
The energy ﬂow statement applied to the hot and cold junc-
tions of the TEG involves four quantities associated with dif-
ferent energy transport mechanisms (Decher, 1997). These
quantities are, for the hot junction:
 Thermal input (QH) from an outside heat source.
 Internal input from resistive heating (QJoule).
 Electrical energy output from thermoelectric effect (PTE).
 Thermal output by conduction (QCond) away from the hot
junction toward the cold junction.
For the cold junction, the quantities are:
 Thermal output (QC) to the cold source.
 Internal input from resistive heating (QJoule).
 Electrical energy input of thermoelectric power (PTE).
 Thermal input from conduction (QCond) from the hot
junction.
These requirements are shown in Fig. 3.
As shown in Fig. 3, the TEG model is divided into hot side
and cold side. The hot side includes the bottom plate of the
heat exchanger, the electrical insulating plate, and the conduct-
ing copper strips. The heat transfer rate depends on the thick-
ness and the thermal conductivity of each layer, as well as the
convective heat transfer coefﬁcients; these coefﬁcients are
between the ﬂuid and the inside surface of the ﬂow channel
at the hot and cold sides. Located between the hot and coldFigure 2 TEG model formulation.
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Table 1 TEG model parameters.
Parameter Value Unit
Seebeck coeﬃcient (ap + ap) 3.47 * 104 V/K
Thermal conductivity (kp = kn) 0.97 W/mK
Electrical resistivity (qp = qn) 1.33 * 10
5 Xm
Length of legs 1.4 mm
Cross section of legs 19 mm2
Insulator material Ceramic –
Thickness of insulator 0.7 mm
Conductor material Silver –
Thickness of electrical connections 0.7 mm
Number of couples 31 –
TH 40–340 C
TC 20 C
hh = hc 1000 W/m
2 K
Tube depth (D) 0.005 m
Tube length (L) 1 m
Tube width (W) 0.055 m
Leg of thermocouple (d) 0.005 m
Figure 3 Energy balance on TEG junctions.
Large-Scale Thermoelectric Generator 3sides is a layer of two different thermal p- and n- doped
semiconductors (Bitschi, 2009). It is necessary to check the
energy balance on TEG junctions. Fig. 3 shows energy balance
requires that:
QH ¼ QC ¼ QJoule þ PTE þQCond ð1Þ
The validity of Eq. (1) will be checked during the simulation
of the TEG model. In the numerical calculation of large scale
TEG, the single thermocouples are connected in series electri-
cally and in parallel thermally. The index i therefore identiﬁes
the ith thermocouple of a series connection of N thermocou-
ples. At the cold side the heat ﬂux emerges in a similar way,
and the generated electrical power is Bitschi (2009):
Pel ¼
XN
i¼1
_qHi  _qLið Þ ð2Þ
where
i: a thermocouple of a series connection.
N: number of thermocouples.
_qHi : heat ﬂux from the convective heat source through
part i.
_qLi : heat ﬂux through part i to the convective heat sink.
And the conversion efﬁciency is Bitschi (2009):
g ¼ PelPN
i¼1 _qHi
ð3Þ
The full TEG conﬁguration is in the form of a stack struc-
ture, where a parallel plate ﬂow through the heat exchanger
takes place. The above quantities are used for evaluating the
performance of the numerical TEG model. After solving the
TEG model numerically, mass ﬂow rates of assumed heat
transfer coefﬁcients are determined. The ﬂow rates are used
in conjunction with ﬁnite volume method to determine the
temperature proﬁles along the heat transfer tubes. Subse-
quently, the required performance parameters are calculated
based on the temperature proﬁles (Bitschi, 2009). The equa-
tions are solved numerically by setting the boundary condi-
tions. The resulting temperature solutions at the surface of
panel i facing ﬂuid j are (Suzuki, 2007):
hi;i ðxÞ ¼ Ti ðxÞ  Ki Ti ðxÞ  Tiþ1 ðxÞð Þ=hi ð4Þ
hi;iþ1 ðxÞ ¼ Tiþ1 ðxÞ þ Ki TiðxÞ  Tiþ1 ðxÞð Þ=hiþ1 ð5Þ
where
hi,j(x): the temperature at the surface of the panel i facing
ﬂuid j.
Ti(x): temperature distribution solution.
Ki: over-all heat transfer coefﬁcient through the panel i.
hi: heat transfer coefﬁcient between ﬂuid and panel.Please cite this article in press as: Al-Habahbeh, O.M. et al. Design optimization of
neering Sciences (2016), http://dx.doi.org/10.1016/j.jksues.2016.01.007The proposed large-scale TEG system depends on concen-
trated solar power to capture thermal energy from the sun.
Energy is produced by converting temperature difference into
Volts using a semi-conductor (Chu and Meisen, 2011). In this
model, the cold surface is kept isothermal, and only one path
for the cold ﬂuid is assumed. The helical design provides
homogeneous temperatures for all panels by utilizing counter
ﬂow (Suzuki et al., 2003. It is assumed that the heat transfer
ﬂuid in the tube is water. The parameters used for calculations
are given in Table 1. The simulation ﬂowchart for the TEG
model is shown in Fig. 4.
3. Performance simulation of the TEG model
In order to predict the performance of the solar TEG system,
the temperatures of the hot and cold ﬂuids THin and TCin and
the heat transfer coefﬁcients hH and hC are set at several con-
stant values. The design parameters of the heat transfer tube
are shown in Table 1, while the optimization objective function
and constraints are listed in Table 2. The energy balance
expressed in Eq. (1) is determined as 79 W for both sides of
the formula. Heat transfer coefﬁcients are obtained by iterat-
ing mass ﬂow rates of hot and cold ﬂuids. The resulting mass
ﬂow rates are used to determine the temperature distributions
along the tubes; for small depth D, the temperature proﬁles
drop sharply along the tube length, decreasing effective DT
for the TEG. Under this condition, almost no electrical powera large-scale thermoelectric generator. Journal of King Saud University – Engi-
Figure 4 TEG model.
Table 2 Optimization objective function and constraints.
Objective function Maximize g ¼ PelPN
i¼1 _qHi
Subject to
Constraint 1 N= 31
Constraint 2 hh = hc = 1000 W/m
2 K
Constraint 3 40 C< TH< 340 C
Constraint 4 TC= 20 C
Eﬃciency at baseline conditions 6.3%
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Figure 5 Power output vs. ﬂuid temperature (D= 0.005).
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Figure 6 Temperatures proﬁle over tube length (D= 0.05).
4 O.M. Al-Habahbeh et al.is generated at the end part of the TEG. Output power
increases with hot ﬂuid temperature as shown in Fig. 5.
Temperature differences decrease as tube length increases as
shown in Fig. 6, and that is expected due to heat exchange
between the ﬂuid paths. A higher tube depth (D) of 0.05 m
results in a higher temperature and efﬁciency as shown in
Figs. 6 and 7, respectively.
In Fig. 7, the efﬁciency is 6.16% for a temperature of
100 C. This is much higher than the previous case withPlease cite this article in press as: Al-Habahbeh, O.M. et al. Design optimization of
neering Sciences (2016), http://dx.doi.org/10.1016/j.jksues.2016.01.007D= 0.005 m, where the efﬁciency was only 0.7%. At the same
time one should consider the required ﬂow rate and pressure to
maintain heat transfer coefﬁcients. Figs. 8 and 9 show efﬁ-
ciency and power increasing with tube depth (D). As shown
in Fig. 8, only a small gain in efﬁciency can be achieved
for depths higher than 0.02 m. This modest gain can be easily
offset by higher ﬂow rates and more pumping power
requirements.
In order to study the effect of thermocouple leg length (d)
on TEG performance, d is decreased from 0.005 to 0.001,
but the result was discouraging. Therefore, a higher d is inves-
tigated; for d= 0.01 m, the results showed no improvement
over the previous case. Therefore, the value of d= 0.005 is
selected. On the other hand, the effect of heat transfer tube
length on TEG performance is investigated. It is found that
the tube length has remarkable inﬂuence on the TEG efﬁ-
ciency. The effective DTTEG decreases to zero fast and thusa large-scale thermoelectric generator. Journal of King Saud University – Engi-
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Figure 7 Efﬁciency vs. ﬂuid temperature (D= 0.05).
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Figure 8 Efﬁciency vs. tube depth (D) (TH = 100 C,
TC = 20 C).
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Figure 9 Power vs. tube depth (D) (TH = 100 C, TC = 20 C).
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Figure 10 Efﬁciency vs. tube length (L).
Large-Scale Thermoelectric Generator 5no more power will be produced. The decreasing efﬁciency is
shown in Fig. 10.
4. Comparison of TEG and photovoltaic cells
In order to evaluate the implementation of TEG, it must be
compared to a well-known and established technology; that
is the photovoltaic cell (PVC) panels. It should be mentioned
that there are limitations in the comparison due to the type
of application, requirements, and working environment. Sev-
eral characteristics of the two methods are compared in Table 3
based on manufacturer data.
TEG produced power per dollar is 73% of that produced
by PVC. However, TEG is better than PVC in terms of weightPlease cite this article in press as: Al-Habahbeh, O.M. et al. Design optimization of
neering Sciences (2016), http://dx.doi.org/10.1016/j.jksues.2016.01.007and size. It requires only 0.7% of the space required by PVC.
In addition, the TEG weight is only 0.8% of the corresponding
PVC weight.
5. Discussion and conclusion
A TEG based on a cross-ﬂow heat exchanger is modeled and
simulated. Key geometric parameters are optimized for best
efﬁciency and output power. Some of the constraints imposed
on parameter selection include size and cost. Stacks with long
heat transport units will extract the greatest amount of energy
from a given thermal input. However, since the average
temperature difference is small, the efﬁciency remains low.
Long heat transfer tubes may also demand higher pumpinga large-scale thermoelectric generator. Journal of King Saud University – Engi-
Table 3 TEG vs. PVC.
Unit cost (US$) Unit size (sq. in) Unit weight (kg) Power output at
518 F diﬀerence (W)
Power produced per dollar (W/$)
PVC 177 760 8.2 65 0.37
TEG 70.6 5 0.063 19.1 0.27
6 O.M. Al-Habahbeh et al.power, which would tend to reduce the overall efﬁciency even
further. Obtaining high efﬁciency demands high heat transfer
coefﬁcients, which can only be obtained with turbulent ﬂow
in shallow channels. This leads to a higher pumping power
requirement.
By inspecting the conversion efﬁciency in Eq. (2), it is clear
that the value of the maximum efﬁciency is not unique; it keeps
changing with _qHi ; That is because _qHi appears in both numer-
ator and denominator. However, for any given value of _qHi ,
the corresponding maximum efﬁciency can be obtained by
minimizing _qLi . As part of the large-scale TEG optimization,
numerical values in Table 1 were inserted into Eq. (2). The
resulting efﬁciency is maximized by searching for optimum
parameters as shown in the performance simulation of the
model. Therefore, the resulting efﬁciency is not a single value.
It keeps changing as the effective parameters are modiﬁed. The
parameters are determined based on the required amount of
energy and the allocated cost. This means the starting point
is the required amount of energy.
The TEG model discussed in this work allows for relatively
simple performance studies using ﬂuid heat transfer. It pro-
vides insights into current density allocations and heat ﬂuxes
within smaller devices. Moreover, this study has identiﬁed a
strong need for coordinated research in advanced TEG mate-
rials, heat transfer materials, and heat exchanger technologies.
Since the performance gain from advancement in one TEG
component is limited by advances in other TEG components,
all TEG system components must be developed in tandem to
maximize the conversion efﬁciency. Overall, the current work
has identiﬁed an optimum design for a large TEG system,
which can compete with existing technologies such as photo-
voltaics. The next step will be to build a prototype of the
TEG system so as to pave the way for full-size application of
this promising renewable energy source.Please cite this article in press as: Al-Habahbeh, O.M. et al. Design optimization of
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